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ABSTRACT 
HARSHIN UMESH SANJANWALA: Molecular Ni-Catalysts for Photocatalytic 
Reduction of CO2 
(Under the direction of Dr. Jared Delcamp) 
 
 Increased atmospheric CO2 has been the result of prominent usage of fossil fuels 
as a fuel source. As fossil fuels are a nonrenewable energy source, scientists are looking 
towards more renewable energy resources capable of both efficiently producing energy 
and reducing atmospheric CO2-emissions. A photocatalyst with an earth-abundant metal 
capable of chemically reducing CO2 paired with only water and photon inputs would 
provide a solution to these pressing issues. Here, studies were performed on three 
catalysts, each with a nickel metal center. Each catalyst went through a series of 
photocatalytic tests in various conditions to identify whether a catalyst was capable of 
producing a viable carbon-based fuel or fuel precursor. 
 The three catalysts selected were found to have electrochemical activity in 
previous studies. When each catalyst went through photocatalytic testing, however, one 
catalyst was capable of producing a large amount of CH4 with water, a light source, a 
photosensitizer, and a sacrificial electron donor. This catalyst, labeled as 2-Ni in this 
manuscript, underwent further studies to determine that the reaction involved in 
producing methane involved a reaction between CO and H2 with the 2-Ni catalyst. While 
all three catalysts showed carbon-based fuel production in varying amounts, the 2-Ni 
catalyst was capable of producing a relatively impressive TON of CH4 while also having 
a high carbon selective reduction percentage. 
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I. Introduction. 
As the world’s energy demand steadily increases, non-renewable energy sources 
such as fossil fuels, coal, and natural gas become more frequently used.1 As a result of 
the increased usage of fossil fuels, there could be an increased amount of atmospheric 
CO2. In fact, it is estimated that within the timespan of years 2015 to 2040, there will be a 
25% increase in atmospheric CO2 as the world reaches a peak value of 26.9 billion metric 
tons of atmospheric CO2.2 Carbon dioxide emission make up a vast amount of 
greenhouse gas, and it could result in a number of potential consequences. Some may 
have even correlated shrinkages in water supplies, increases in droughts and wildfires, 
reductions in food supply, and rises in sea levels and floods.3  
On top of the steadily increasing atmospheric CO2 amounts, the United States of 
America (USA) currently is not energy-independent. In other words, the USA is 
consuming more energy than it is producing, and as of right now, the leading energy 
import in the USA is fossil fuels.4 Furthermore, the USA and China are the biggest 
emitters of greenhouse gases. One pathway to energy independence could be the 
chemical reduction of CO2 through catalytic processes into fuels such as methane, 
H2/CO, methanol, carbon monoxide, ethylene, formic acid, and formate.5 While 
organisms such as plants have been reducing CO2 for millennia, progress towards 
creating a cost-effective and efficient method of photocatalytic CO2 reduction with just 
solar energy and water would be invaluable for both reducing atmospheric CO2 and 
creating renewable fuels.6 Recently, studies about methane production from CO2 and 
visible light have been getting some attention, although this process is still rare.7 
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Photocatalytic conversion of CO2 to a fuel such as methane is becoming an ideal 
method for energy production, as the energy for catalysis can be provided from 
renewable solar energy.8 Producing fuels via a renewable energy resource can even 
provide a significant alternative to other methods of CO2 reduction that require electricity 
or use the Fischer-Tropsch process with elevated temperature and pressure.9, 10 
Furthermore, there is a vast abundance of energy that is capable of being captured from 
the sun.11 Marc Robert, a leading scientist in CO2 reduction, suggests that with just an 
earth-abundant metal, water, and sunlight, it is possible to create an ideal scenario for 
energy production.12, 13 
The C=O bond in CO2 is strong, with a bonding energy of 750 kJ mol-1. As a 
result of this sturdy bond, it becomes pivotal to harness an efficient and effective catalyst 
with a lengthy half-life to be able to consistently break these C=O bonds. Thus, as we are 
influenced by mother nature’s photosynthesis, the future success of these processes 
depends on the photocatalyst system that is used.14 In order to create an effective catalyst, 
various designs from previous studies should be analyzed and evaluated based on 
turnover numbers (TON).  
𝑇𝑂𝑁 = 𝑚𝑜𝑙𝑒𝑠	𝑜𝑓	𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑚𝑜𝑙𝑒𝑠	𝑜𝑓	𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 
Figure 1: Turnover number equation for a catalyst. 
In other words, TON is a method of measuring how durable a particular catalyst 
is. As an introduction to the studied catalysts, it can be noted that tetraaza (N4) 
macrocycles can produce some of the highest turnover numbers (TON) for CO2 
reduction.15 Another durable component to creating a valuable photocatalyst system is the 
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usage of N-heterocyclic carbenes (NHCs) that are often used in organometallic catalysts 
(Figure 2).  
 
Figure 2: Example structure of an N-heterocyclic carbene (NHC).  
 
NHC ligands are capable of coordinating strong bonds with their metal centers 
and also have strong electron-donating properties.16-24 Many metal centers have been 
identified to have been able to catalyze CO2 reduction.25-33 Nickel can be identified as a 
cost-effective and earth-abundant metal center. Thus, in Figure 3, the three complexes 
that are studied in this manuscript are shown to feature a diaza (N2) ligand with 2 NHC 
ligands as replacements for tetraaza (N4) ligands, and a nickel metal center. 
Figure 3: The catalyst structures of 1-Ni, 2-Ni, and 3-Ni. Ir(ppy)3 serves as the 
photosensitizer (PS) in Ni-catalyst trials and will be discussed further on. 
 1-Ni, compared to the other catalysts, does not have an alkyl group fusing the 
two NHC groups and is therefore not considered a macrocycle. 1-Ni, 2-Ni, and 3-Ni are 
all in a distorted square planar shape, but 3-Ni is in a slightly more planar position. 1-Ni, 
2-Ni, and 3-Ni are already known to be capable of electrocatalytic CO2 reduction.34 In 
N
N
N
N
N
N
N
N
N
N
2+
N
N
2+
N
N
N
N
N
N
2+
1-Ni 2-Ni 3-Ni
Ni NiNi
NN
N
Ir
Ir(ppy)3
	 	
	
	
9	
these studies, all three catalysts will undergo photocatalytic studies. While the structural 
differences between each catalyst may initially seem minor, further studies reveal 
intriguing and varying results amongst each catalyst. Figure 4 is useful to depict the 
process of CO2 reduction.  
 
Figure 4: Proposed mechanism for the reduction of CO2 to CO or CH4 photocatalytically 
via a nickel catalyst.  
 As shown in Figure 4, the photosensitizer (PS) absorbs light and provides an 
electron to the catalytic cycle after an electron transfer from the sacrificial electron donor 
(SED), thus allowing the Ni-Catalyst to enter a reduced state. In other words, one 
electron in the photosensitizer enters a higher energy state once a light source reaches the 
PS. The lower energy level’s electron deficiency is replenished by an electron transfer 
from the sacrificial electron donor. Now that the photosensitizer is in a reduced state, the 
photosensitizer is able to pass an electron to the Ni-Catalyst, thus reducing it. Once this is 
complete, the Ni-Catalyst is capable of forming a bond with CO2, which then splits into 
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CO. In this proposed mechanism, the other oxygen could have split to form water. 
Finally, CO can evolve in another catalytic cycle when H2 is present to finally become 
CH4. The hydrogenation of CO and H2 into CH4 and H2O is shown in Figure 8 in a 
chemical equation. H2 is intrinsically created in this process. The protons for H2 in the 
solution could stem from BIH or TEA after they have performed an electron transfer. 
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II. Photocatalysis Results and Discussion. 
For each Nickel catalyst, Ir(ppy)3 is used as the photosensitizer for initial studies. 
The purpose of the well-studied Ir(ppy)3 is to absorb light, receive an electron from BIH 
or TEA, and provide an electron to the catalytic cycle.35-37 1,3-dimethyl-2-phenyl-2,3-
dihydro-1H-benzo[d]-imidazole (BIH) and triethylamine (TEA) are used as the sacrificial 
electron donors (SDs). As shown in Figure 4, SD’s contribute to bringing the 
photosensitizer to a reduced state after light sensitization so that the PS is ready to 
transfer an electron. TEA is used alongside BIH to allow BIH to become deprotonated 
after an electron transfer.38 Thus, TEA serves as both an SD as well as a compound to 
recover BIH after BIH performs an electron transfer to the catalyst. As the BIH has an 
acidic nature after an electron transfer, two BIH compounds can dimerize to prevent the 
electron from being passed back to the sacrificial electron donor.  
	
	
 
Figure 5: Structure of BIH. 
 
Catalyst concentrations were often lowered to a micromolar or nanomolar 
concentration. By doing so, the studies were able to more effectively test the individual 
limits of the respective nickel photocatalysts by eliminating catalyst-catalyst interactions 
and degradation.39-41  
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Entry Catalyst Additive CO (TON) CH4 
(TON) 
CS (%) 
1 1-Ni BIH 108,000 4,000 29% 
2 1-Ni BIH, H2O 31,000 0 10% 
3 1-Ni n/a 130,000 29,000 3% 
4 2-Ni BIH 310,000 0 90% 
5 2-Ni BIH, H2O 175,000 19,000 87% 
6 2-Ni n/a 9,000 0 20% 
7 3-Ni BIH 76,000 0 82% 
8 3-Ni BIH, H2O 8,000 5,000 28% 
9 3-Ni n/a 5,000 1,000 29% 
Table 1: Photocatalytic results from CO2 reduction with Ni-1, Ni-2, and Ni-3. All 
components are within an MeCN solution and include 5% TEA. The additive “H2O” is 
2% H2O and “BIH” is 10 mM BIH. The stop time is chosen based on a cease in product 
formation. Reactions were undergone in a solar simulated spectrum. Further details on 
reaction setup are shown in the Supplemental Information section. The underlined value 
indicates a rare scientific observation.  
 The goal of these catalysts is to produce CH4 and have a high amount of carbon-
based fuel products. All reactions in Table 1 contain TEA as a sacrificial electron donor, 
so BIH serves as an additional sacrificial electron donor. The most worthwhile 
observation on Table 1 is entry 5 with a CH4 TON of 19,000 when 2-Ni is present in 
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water and BIH. Furthermore, the carbon selective (CS) reduction percentage of entry 5 is 
87%. Carbon selective (CS) reduction percentage can be described in Figure 6.  
 
Figure 6: The carbon selective (CS) reduction percentage as a formula. CS (%) is 
essentially the percentage of carbon-based TON over the total product TON. 
Thus, the percentage of carbon-based TON for carbon-based fuels CO and CH4 
over the total TON within the entry was 87% for entry 5. These results lead into further 
experiments that are explained in the 2-Ni section. Photocatalysts are rarely able to 
produce CH4 at such a rate and have a high CS percentage, so 2-Ni is a promising catalyst 
in the study and will be discussed more in-depth later.  
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1-Ni Catalyst:  
 1-Ni is a non-macrocyclic compound that lacks an alkyl group between NHC 
groups. According to Table 1, 1-Ni was able to produce CO TON of 108,000 and CH4 
TON of 4,000 photocatalytically. A previous study indicated that the 1-Ni complex did 
not produce any CH4 TON under electrochemical conditions, which could mean that 
differing conditions of catalysis can lead to varying outcomes.34 In entry 3 of Table 1, 1-
Ni is shown to have held an impressive TON count for CH4, however the CS percentage 
was only 3%. In other words, 1-Ni in the absence of BIH and H2O did not favor carbon-
based fuel products well enough to be studied further. It is also worth mentioning that 
under 2% H2O conditions, 1-Ni’s CO TON was drastically reduced. In fact, the CS 
percentage was reduced from 29% in anhydrous conditions to 10% when water was 
added. In summary, 1-Ni is a capable catalyst with significant turnover numbers for CO, 
however the CS percentage is not notable when compared to 2-Ni and 3-Ni. 
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2-Ni Catalyst:  
 The most extensively studied catalyst in this manuscript is the 2-Ni catalyst. As 
previously mentioned, 2-Ni was proven to have produced CH4 TON of 19,0000 while 
also having a CS percentage of 87%. For these reasons, 2-Ni underwent further tests. 
 2-Ni and 3-Ni are both macrocyclic complexes with similar CS percentages. 
However, 2-Ni was found to have a significantly increased TON in both CO and CH4 
compared to 3-Ni. For further inquiring of 2-Ni, the TON numbers of CO, H2, and CH4 
were compared over an extended period of time. 
 
Figure 7: 2-Ni performing CO2 photocatalytic reduction in a concentration of 0.01 mM. 
TON of CO, H2, and CH4 concentrations over an extended period of time. Data table used 
from submitted manuscript. 
 CO and H2 TON are initially high. However, when CO and H2 begin to decrease, 
CH4 production conversely increases. This trend is a pivotal aspect to understanding the 
conditions required for methane production. In essence, Figure 7 suggests that CH4 
production requires CO and H2 within the 2-Ni catalytic conversion process to produce 
methane. To find out other required products, further testing ensued. In order to confirm 
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if the presence of CO and H2 are necessary, the atmospheres above the reaction test tubes 
were altered and tested.   
Atmosphere CH4 TON 
CO2 19,000 
1:1 CO2:H2 12,000 
CO 10,000 
1:1 CO:H2 570,000 
Table 3: Photocatalytic reaction with 2 nM 2-Ni, 0.1 mM Ir(ppy)3, 10 mM BIH, 5% (v/v) 
TEA, 2% (v/v) H2O. Exposed to a solar simulated spectrum. Recorded values are peak 
TON values. Underlined value indicates noteworthy observation. 
 Based on Table 3, atmospheres containing CO2, 1:1 CO2:H2, and CO resulted in 
standard amounts of methane production. However, when the atmosphere is 1:1 CO:H2, 
the methane TON reached a tremendous value of 570,000. As suggested by Figure 7, CO 
and H2 are most likely linked to producing CH4 in an equation. Furthermore, control trials 
were taken when BIH, TEA, or the light source was removed. The results led to a severe 
reduction in CH4 production. These control trials conclude that BIH, TEA, and a light 
source are also required to activate the 2-Ni catalyst in order to catalytically create CH4.  
In the end, a seemingly small difference of one carbon was able to dramatically improve 
the results of this catalyst. Following carbon-13 labeling studies, it can be assumed that 
the reaction is as follows: 
CO   +   3 H2   à   CH4   +   H2O 
Figure 8: The hydrogenation of CO to CH4. 
 
	 	
	
	
17	
3-Ni Catalyst:  
 3-Ni, although very similar in structure to 2-Ni, was not as capable of producing 
large amounts of CO or CH4 according to Table 2. The CS percentage for 3-Ni was able 
to reach 82% when no water was added, and some methane was produced when water 
was added to reach 5,000 CH4 TON. The overall TON numbers were simply a reduced 
version of 2-Ni, but the fact that methane TON did reach 5,000 indicates a similar 
mechanism between 3-Ni and 2-Ni.  These reasons could be explained by the increased 
ligand planarity of 3-Ni as compared to 2-Ni, but it is not exactly certain. Similar to 1-Ni 
and 2-Ni, 3-Ni underwent various control trials that dictated the importance of solar 
stimulated illumination, BIH (SD), Ir(ppy)3 (PS), and MeCN in the reaction. 
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III. Conclusion. 
 In an attempt to advance the field of photocatalytic CO2 conversion to carbon-
based fuels, various nickel-based catalysts with a diaza NHC ligand that were previously 
synthesized were tested under varying conditions for photocatalytic activity. The three 
compounds, 1-Ni, 2-Ni, and 3-Ni, were all reported to have produced CO and CH4 TON. 
However, further studies indicated that the 2-Ni complex with H2O was able to reach 
19,000 CH4 TON and have an exceptional CS percentage of 87%. Following this trail, 
further conclusions were made about trends in the reactants. A test was taken over a 
period of time, where the amount of CH4 was found to increase as both CO and H2 
decreased. Furthermore, a 1:1 CO:H2 atmospheric trial with 2-Ni led to a phenomenal 
CH4 TON of 570,000. Thus, it can be inferred that 2-Ni is able to produce CH4 as long as 
CO, H2, and other factors are present or produced within the reaction. The catalyst, 
confirmed through 1H NMR, Hg homogeneity tests, and PPh3 and CS2 tests help to 
identify the catalyst as a homogenous catalyst instead of a heterogeneous catalyst.CC, DD, 
EE 
 In conclusion, each nickel catalyst demonstrated photocatalytic activity. However, 
because of the seemingly small differences within each catalyst, varying results were 
concluded from the test results. 2-Ni in particular has shown exciting potential as an 
industrial catalyst, and the catalyst may be used in further studies and development in the 
efforts of becoming a widely-used catalyst for CO2 reduction to methane.45 
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Supplemental Information:  
Photocatalyst Testing. 
 Catalysts were made into a stock solution with MeCN and then placed into a 
scintillation tube. If a nano or micromolar concentration was used, then serial dilution 
with volumetric flasks should occur. Ir(ppy)3 was also made into a stock solution with 
MeCN and then placed into a scintillation tube. The catalyst (0.2 µmol), BIH (5 mg), 
TEA (0.1 mL), and Ir(ppy)3 (0.2 µmol or 0.1 mg) were then injected into a glass tube 
surrounded by aluminum foil to prevent light exposure. MeCN served as the solvent for 
the reaction and was added to the reactants to reach a total of 3 mL. Additional MeCN 
was added, and then the glass tube was sealed with a septum. The sealed test tube was 
then set into a CO2 atmosphere as the mixture bubbled down to 2 mL. Afterwards, the 
reaction was set up in a solar simulated environment. The reaction setup can be shown in 
an image in Figure S1. 
 
 
Figure S1: Reaction setup containing all required components for the reduction of CO2 
to CO and H2. 
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 While this reaction was occurring, samples were taken to a custom Agilent 7890B gas 
chromatography (GC) with an Agilent PorapakQ column and a methanizer at 20 minutes, 
40 minutes, 1 hour, 2 hour, 4 hour, and 24 hours. Conditions such as gas, presence of 
BIH, presence of Ir(ppy)3, and molar concentration of catalyst were altered depending on 
the trial. All results in this manuscript are the average of two repeated experiments.  
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Additional Trials. 
Condition CO (TON) H2 (TON) CH4 (TON) CS (%) 
Standard 175,000 29,000 19,000 87% 
No H2O 310,000 33,000 0 90% 
No BIH 9,000 36,000 0 20% 
No TEA 165,000 8,000 0 95% 
Argon instead 
of CO2 
0 0 0 - 
No Ir(ppy)3 0 0 0 - 
Darkness 
instead of Solar 
Simulated 
Spectrum 
0 0 0 - 
No 2-Ni 0 0 0 - 
Figure S2: The table displays TON values under various altered conditions in order to 
prove the relevance of certain components. Standard conditions were as follows: 2 nM 2-
Ni Catalyst with 0.1 mM Ir(ppy)3, MeCN solvent, 10 mM BIH, 2% H2O, 5% TEA, CO2, 
and a solar simulated environment. 
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Catalyst Condition CO (TON) H2 (TON) CH4 (TON) 
1-Ni Standard 31,000 320,000 0 
1-Ni No H2O 108,000 278,000 4,000 
2-Ni Standard 175,000 29,000 19,000 
2-Ni No H2O 310,000 33,000 0 
3-Ni Standard 8,000 34,000 5,000 
3-Ni No H2O 76,000 17,000 0 
Figure S3: The table shows the effect that H2O presence has in different catalysts. Ni 
catalysts at 2 nM concentration. 0.1 mM Ir(ppy)3, MeCN solvent, 10 mM BIH, 2% H2O, 
5% TEA, CO2, and a solar simulated environment. Recorded at 72 hours. 
 
Amount of BIH CO (TON) H2 (TON) CH4 (TON) 
10 mM 175,000 29,000 19,000 
5 mM 144,000 68,000 11,000 
1 mM 69,000 161,000 12,000 
0.5 mM 36,000 82,000 11,000 
0.1 mM 19,000 198,000 6,000 
Figure S4: The table helps to identify the preferred amount of BIH for reduction of CO2. 
2 nM 2-Ni catalyst under variable BIH conditions. 0.1 mM Ir(ppy)3, MeCN solvent, 
varying amounts of BIH, 2% H2O, 5% TEA, CO2, and a solar simulated environment. 
 
